The clinical and genetic heterogeneity of mitochondrial disorders have shaped the diagnostic approach, with most clinicians advocating a systematic clinical and laboratory algorithm 1 , building evidence to support the diagnosis. In all but the rarest cases, in which pattern recognition indicates a specific molecular cause, investigations involve a biopsy followed by histochemical or biochemical analysis of an affected tissue. The results of these investigations guide targeted molecular genetic investigations, usually starting with mitochondrial DNA (mtDNA) and ending with a growing panel of nuclear genes previously shown to explain the clinical or biochemical phenotype. However, the pace of recent technological advances and tumbling sequencing costs have brought this approach into question as it is now possible to rapidly screen all relevant nuclear genes and mtDNA simultaneously. Here, we argue that it is time for change: diagnostic investigations should begin with whole-genome sequencing.
Clinical and genetic heterogeneity
To the non-specialist, mitochondrial disorders are complicated and confusing. Often presenting with a variety of seemingly disconnected clinical features affecting multiple organ systems, different family members presenting with very different phenotypes can obscure the overall diagnosis 1 . Although there are a number of wellrecognized clinical syndromes strongly suggestive of a mitochondrial aetiology, many patients do not fit neatly into established diagnostic categories. The situation is compounded by the clinical overlap with other neurogenetic, metabolic and non-genetic diseases. The old adage that mitochondrial disorders can present at any age and affect any organ is not too far from the truth.
To make matters worse, mitochondrial biogenesis requires the concerted interaction of more than ~1,500 proteins derived from 2 distinct genomes: the majority are synthesized from nuclear genes, but 13 are derived from maternally inherited mtDNA 2 . Each cell contains multiple copies of mtDNA (typically ~1,000 copies, depending on the cell type). If a mutation is present, it can affect any number of these molecules -a situation termed heteroplasmy. The ratio of mutant to wild-type mtDNA is important in determining whether a biochemical defect is expressed, and the proportion can vary from cell to cell, organ to organ, and individual to individual within the same family. This genetic heterogeneity explains some of the clinical variability seen in families with mtDNA disorders.
Since the first molecular diagnosis of a mitochondrial disorder in 1988, hundreds of different point mutations and rearrangements of mtDNA have been associated with different mitochondrial diseases 3 . With the advent of next-generation sequencing, the exploration of nuclear genetic mitochondrial disorders has become more tractable, leading to an almost exponential rate of mitochondrial disease gene discovery, which continues to the present day.
Barriers to a single diagnostic test
An increasing number of mitochondrial disorders are known to be caused by mutations in nuclear genes (Supplementary Figure 1) . Making a molecular diagnosis in this context is no different to other Mendelian disorders and hinges on the identification of a putative pathogenic variant in an affected individual that is detected in the germline, segregates with the clinical phenotype in the family and is extremely rare or absent in a control population 4 . The molecular diagnosis is secure when the same mutation has been identified previously in a different family with the same disorder, and functional analysis of the variant confirms pathogenicity.
In contrast to Mendelian variants causing mitochondrial disorders, pathogenic mutations of mtDNA can either be present in 100% of the mtDNA (homoplasmy) or be mosaic (heteroplasmy) 3 . The most common mtDNA mutations are homoplasmic, that is, all molecules are mutated and can easily be detected in blood (for example, m.11778A>G causing Leber's hereditary optic neuropathy (LHON)). However, for heteroplasmic mutations, the percentage level of mutant mtDNA varies from tissue to tissue, and can also vary over time in the same individual. For example, for the most common pathogenic heteroplasmic mutation, m.3243A>G (first described in mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS)), the heteroplasmy level decreases exponentially over time in blood and may fall below the detection threshold for some diagnostic assays. To confidently exclude this mutation as the cause of disease, it is necessary to analyse other tissues, typically uroepithelium or skeletal muscle. Importantly, for some mutations, such as large-scale single deletions of mtDNA, the causative mutation may not be detectable in blood at all. Nevertheless, the vast majority of heteroplasmic pathogenic mtDNA mutations can be detected in blood samples provided the detection method is sufficiently sensitive. For novel mtDNA mutations, the same clinical and laboratory approach is taken as for nuclear genetic disorders (discussed in ref. 4 ). Only a minority (~11.5%) of patients with established mitochondrial disease have causative mtDNA mutations that are unlikely to be detectable in blood (Supplementary Figure 2) .
A genome-based approach Circulating leukocytes typically contain >200 copies of mtDNA compared to the 2 copies detected of nuclear DNA 3 . As a consequence, even with the most stringent enrichment techniques, exome sequencing protocols generate multiple copies of the mtDNA sequence, reliably delivering >100-fold coverage across the mitochondrial genome. Non-PCR amplified whole-genome sequencing (WGS) is even more promising, with stable ~1,200-fold coverage across the entire mtDNA at a 14-fold coverage of the nuclear genome 5 . A linked bioinformatic pipeline enables the simultaneous analysis of both the nuclear and mitochondrial genomes, reliably detecting heteroplasmy levels >2%. Mitochondrial disorders unlikely to be diagnosed using this approach are sporadic cases with no family history: they include chronic progressive external ophthalmoplegia, which has a very characteristic phenotype 1 , and patients with a pure myopathy, who are likely to have had a muscle biopsy in any case, often being investigated for suspected muscular dystrophy.
The challenges presented by mtDNA analysis are conceptually no different to the nuclear genome, where de novo mutations can show tissue-specific mosaicism 4 . In our view there is no longer a need for 'mitochondrial exceptionalism' when it comes to rare disease diagnostics. WGS of blood DNA allows the near comprehensive investigation of both genomes. Using the 'genome first' approach, the minority of patients will require invasive tests and biochemical investigations to substantiate the diagnosis. The genomic approach has several additional advantages, allowing the genetic diagnosis of other rare treatable diseases, mitochondrial disease phenocopies and, even more importantly, ensuring that mitochondrial disorders are diagnosed when they have been overlooked clinically. By sharing data globally, the approach will accelerate new disease gene discovery, reducing the proportion of nuclear-mitochondrial disorders that cannot be diagnosed (currently ~40% and falling). Together, this will accelerate the rate of diagnosis and shorten the diagnostic odyssey that is so distressing to patients and families. With WGS results delivered within days or weeks, there will be no need to send the patient, or frozen tissue biopsy samples, over long distances.
Naturally, targeted genetic analysis is appropriate if there is a highly specific phenotype (for example, in the case of LHON), or if the aim is to confirm a molecular diagnosis already known in the family. If WGS is inconclusive, biochemical approaches are invaluable to distinguish real, sustained mitochondrial disorders from the acutely ill and from transiently deranged mitochondrial dysfunction, especially in the critical care setting. Transcriptomic, metabolomic and proteomic approaches may help resolve difficult cases, and biochemistry remains invaluable in understanding the clinical significance of variants of uncertain significance in WGS data.
For mitochondrial disorders, our view is to start with the genome, reserving invasive, expensive and timeconsuming tests for the cases that cannot be solved by a first-line genomic approach. It is likely that many extremely rare genetic disorders are yet to be discovered. Adopting a first-line sequencing approach will accelerate the gain in knowledge. Now is the time to reshape the mitochondrial diagnostic approach for the future.
